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ABSTRACT
Tuning the layout of elasticity in materials opens new opportunities to add various functionalities
into a system, ranging from load-enduring capacity and shape-morphing capability in aeronautics to
self-foldability and controlled diffusion rates in drug delivery applications. Recently, the Japanese
art of paper cutting technique called kirigami has positioned itself as a simple yet powerful strategy
to program unique functionalities into intrinsically inextensible, stiff materials without adjusting
chemical compositions, including elastic softening, creation of complex 3D structures, and extreme
stretchability. Thus, various applications have been realized by utilizing the kirigami principle.
These applications include wearable electronics, sensors, stretchable lithium batteries, solar track-
ers, and reconfigurable structures. However, coupling the primary geometric deformation modes
(i.e., bending and rotation) in kirigami films to control mechanical response as well as electronic
properties (e.g., shift in resonant frequency) have been limited. In this thesis, we present a strategy
where the inclusion of carefully designed cuts allows for fine tuning of mechanical and electronic
properties of materials.
Starting from fundamentals of kirigami mechanics, we show that stiffness tunability and de-
formability of kirigami structures are significantly influenced by the addition of minor cuts adjacent
to major cuts. The dimension and position of minor cuts relative to major cuts determines geometric
deformation modes between bending of beams and hinge rotations, which results in high tunability
of mechanical properties. The experimental results are validated by beam mechanics with different
boundary conditions (Chapter 2). The sensors for human activity monitoring and soft robotic
systems require considerable extents of deformation. Furthermore, reducing or eliminating wiring
components allows for more compliant and less complex systems by excluding semirigid wiring or
connection points. We create a kirigami-inspired passive resonant sensor where the deformation
normal to the planar surface changes the capacitance, inductance, and resonant frequency. This
ix
study demonstrates that the device allows for accurate measurements of large deformations (> 10X
sensor thickness) in both air and water media (Chapter 3).
1
CHAPTER 1. GENERAL INTRODUCTION
1.1 Overview
Programming elasticity into targeted areas of materials provides new opportunities for adding
multi-functionality into a system, ranging from load-bearing capacity and rapid-morphing capabil-
ity in aeronautics Faber et al. (2018) to self-foldability and chemical diffusion rates in drug delivery
applications Fernandes and Gracias (2012). The fabrication strategy is also utilized in other emerg-
ing and developed fields, such as stretchable electronics, soft robotics, and biomedical engineering
Callens and Zadpoor (2018); van Manen et al. (2018); Bartlett et al. (2015); Kim et al. (2008);
Shepherd et al. (2011); Azam et al. (2011); Jenett et al. (2017); Su et al. (2017); Mosadegh et al.
(2014). In essence, tailoring the array of elasticity in materials, through thickness or across the
surface, realizes two major functionalities: shape-morphability and stiffness-tunability. To date,
two different deformation mechanisms, bending and buckling, are present from a mechanical view-
point to control the above characteristics Tang et al. (2015); Gatt et al. (2015); Cho et al. (2014).
Bending occurs when the internal stress induced over a cross-section of a structure by moments is
non-uniform. Buckling occurs when compressive stresses above a critical point act over a structure
Gere and Timoshenko (1997). Material or structural gradients that induce non-uniform stress and
deformations have been introduced in various dimensionalities (i.e., positional, linear, areal, volu-
metric) by using fast-growing 3D additive manufacturing processes and other techniques such as
assembly through transfer printing of diverse components Kokkinis et al. (2018). By tuning ma-
terial properties the shape-shifting and stiffness-tuning abilities can be dynamically controlled in
response to various environmental conditions, such as temperature, light, pH, electromagnetism or
humidity Van Manen et al. (2017); So and Hayward (2017); Baker et al. (2016); Kim et al. (2018).
Furthermore, by tuning geometric parameters without changing chemical compositions, the pro-
grammed system can also exhibit similar effects. However, the limited choice of materials available
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for 3D printing and complex fabrication processes pose challenges in developing multi-functional
programmable materials.
Figure 1.1 : (a) original and deformed patterned sheets Callens and Zadpoor (2018). Re-
produced with permission. Copyright 2018, Elsevier (b) kirigami-inspired solar
cells to enhance solar light absorption Lamoureux et al. (2015). Reproduced
with permission. Copyright 2015, Springer Nature (c) snake robot that moves
with frictional interaction of patterned skin Rafsanjani et al. (2018). Repro-
duced with permission. Copyright 2018, AAAS (d) stretchable lithium batter-
ies Song et al. (2015). Reproduced with permission. Copyright 2015, Springer
Nature (e) reconfigurable structures Overvelde et al. (2017).Reproduced with
permission. Copyright 2017, Springer Nature
In recent years, the Japanese art of paper cutting called ”kirigami”, which is a simple subtrac-
tive approach, has emerged as a promising research tool for imparting unique functionalities into
intrinsically stiff materials without tuning chemical compositions, such as extreme extensibility,
formation of complex 3D morphologies, and elastic softening.Blees et al. (2015); Virk et al. (2013);
Castle et al. (2016); Neville et al. (2016); Hanakata et al. (2016); Liu et al. (2017); Sussman et al.
(2015) Therefore, various applications have been developed by exploiting the kirigami principle.
These applications include solar trackers, stretchable lithium batteries, wearable electronics, soft
robots, bandages, sensors, and reconfigurable structures (See Figure 1.1) Rafsanjani and Bertoldi
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(2017); Lamoureux et al. (2015); Rafsanjani et al. (2018); Song et al. (2015); Overvelde et al. (2017);
Celli et al. (2018); Iwata and Iwase (2017); Yamamoto et al. (2016); Guo et al. (2016); Lee et al.
(2017); Firouzeh and Paik (2015); Sareh and Rossiter (2013); Wang et al. (2017). The governing
mechanics of deformation and architecture of the kirigami patterned system under external stimuli
are different from those of pristine materials. Kirigami principles generate geometric deformations
induced by the array and dimensions of prescribed cuts rather than intrinsic material elasticity. In
contrast, properties and structures of pristine materials are dominated by atomic and molecular
interactions.
However, several critical research problems in this area persist. Although two major geometric
deformation modes in kirigami structures (e.g., bending and rotation) were previously explored, the
synergistic coupling of the two deformation modes has not been studied Isobe and Okumura (2016);
Shyu et al. (2015); Rafsanjani and Bertoldi (2017); Cho et al. (2014); Tang et al. (2016); Gatt et al.
(2015); Tang et al. (2015). In addition, most demonstrations on wireless kirigami/origami antennas
stop short of exploring the structures to report the relationship between the resonant scattering
parameters and the extent of deformations Liu et al. (2014); Fu et al. (2018); Liu et al. (2015).
The goal of this research is to develop a fundamental understanding of how kirigami structures
can create spatial layouts of elasticity to control mechanical and functional response such as elec-
trical properties. Specifically, what is the design approach that determines the deformation modes
of kirigami structures? How would the structural deformation modulate electrical properties for
strain monitoring applications?
This thesis comprises four sections: an introduction, two experimental sections, and a final
chapter discussing conclusions, contributions, and outlooks. We begin from understanding the
kirigami designs that determine two deformation modes between bending of beams and rotation
of hinges Hwang and Bartlett (2018). This is achieved by the position and dimension of minor
cuts adjacent to major cuts. (Chapter 2) We further extend the utility of the kirigami principle to
tuning electrical properties Charkhabi et al. (2019). we create the kirigami antenna to investigate
the relationship between the extension length and the resonant scattering parameters both in the
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air and water media. The out-of-plane deformation of the spiral design affects the capacitance and
the inductance, which is utlized for measuring the water flow rate in the demonstration. (Chapter
3) Finally, we conclude this manuscript with comprehensive discussion of the kirigami approach
that affects mechanical and sensing responses. (Chapter 4)
1.2 Fundamentals of Kirigami Mechanics
Kirigami engineering mechanics, depending on designs, lies in the combination of instability-
induced deformation of slender beams which are defined by long parallel cuts and of hinges that
connect networks of stiff islands. We will primarily review the deformation of slender beams, as
the deformation of hinges follow a similar set of mechanics. Mechanical characteristics, softness
and resulting morphologies, are governed by geometric parameters (length l, width w, thickness t),
material elasticity (E ), and loading conditions (e.g., direction, boundary conditions).
Consider a slender beam (l/t  1) that constitutes a 2D kirigami-patterned sheet and de-
forms under flexural loading, assuming that the beam behaves in a linearly elastic manner and
deflections δ are very small (l  δ). The strain energy stored in the beam is expressed such that
Us =
∫
M2
2EI dx w
Ew3tδ2
l3
, where M is the bending moment, E is the elastic modulus, and I is the
second moment of area. To create 3D configurations from 2D patterned sheets as well as elastic
softening under mechanical loading, it is adequate to think that morphing behavior should undergo
an instability-induced transition where a new state is energetically more favorable than an initial
state under loading. In a basic kirigami design that consists of transverse long prismatic beams, the
initial and new state can correspond to in-plane and out-of-plane bending, respectively. Assuming
that modulus and length are constant, the variation of in-plane bending strain energy Ui is largely
dependent on w3, whereas the out-of-plane bending strain energy Uo shows a large dependence
on t3. When the two energies equalize under loading, a phase transition induced by mechanical
instability occurs.
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By simply comparing the two in-plane and out-of-plane energies, we see that Uo/Ui ∼ (t/w)2
Holmes (2019). In the thin limit (i.e., for small values of t/w), the quantity is very small, indicating
that out-of-plane bending mode is the path for accumulating less strain energy as well as extra
elastic softening. In contrast, in relatively thick samples (t ∼ w), the values of two energies are
similar, resulting in suppression of the phase transition.
1.3 Hypothesis
We hypothesize that programming the spatial layout of elasticity based upon kirigami principles
will have a significant contribution to material performance, such as mechanical and electrical
properties. Specifically, (1) The mechanical properties such as stiffness and ultimate strain will be
significantly affected by the inclusion of minor cut structures to conventional major cut structures.
(2) The resonant frequency of an antenna will be highly tunable in relation to the large extent of
deformations.
1.4 Thesis Organization
This thesis will explore the coupling of the two major deformation modes in kirigami structures,
and the relationship between the extent of deformations and the resonant scattering parameters in
wireless kirigami antennas.
Chapter 2 begins with discussing the two deformation modes of bending and rotation in kirigami
structures individually, and how these deformation modes can be coupled through the addition of
minor cuts which results in high tunability of stiffness and ultimate strain. These mechanical prop-
erties are explained by analytical expressions based on mechanics of beams with various boundary
conditions. This understanding is applied to developing resistance-invariant stretchable conductors
and highly deformable magnetoactive kirigami sheets. Chapter 3 exploits kirigami principles to
tune resonant scattering parameters as a function of out-of-plane extensions. The antennas demon-
strate high deformability, robustness over repetitive extensions, and measuring capacity of the flow
rate of liquid in a closed pipe. Chapter 4 summarizes this work and presents future work.
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CHAPTER 2. TUNABLE MECHANICAL METAMATERIALS THROUGH
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Doh-Gyu Hwang, Michael D. Bartlett
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University of Science and Technology, 528 Bissell Rd, Ames, IA, 50011, USA
Modified from a manuscript published in Scientific Reports
2.1 Abstract
Inspired by the art of paper cutting, kirigami provides intriguing tools to create materials with
unconventional mechanical and morphological responses. This behavior is appealing in multiple
applications such as stretchable electronics and soft robotics and presents a tractable platform
to study structure-property relationships in material systems. However, mechanical response is
typically controlled through a single or fractal cut type patterned across an entire kirigami sheet,
limiting deformation modes and tunability. Here we show how hybrid patterns of major and
minor cuts creates new opportunities to introduce boundary conditions and non-prismatic beams
to enable highly tunable mechanical responses. This hybrid approach reduces stiffness by a factor
of ∼ 30 while increasing ultimate strain by a factor of 2 (up to 750 % strain) relative to single
incision patterns. We present analytical models and generate general design criteria that is in
excellent agreement with experimental data from nanoscopic to macroscopic systems. These hybrid
kirigami materials create new opportunities for multifunctional materials and structures, which we
demonstrate with stretchable kirigami conductors with nearly constant electrical resistance up to
> 400 % strain and magnetoactive actuators with extremely rapid response (> 10,000 % strain
s−1) and high, repeatable elongation (> 300 %)
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2.2 Introduction
Kirigami structures experience one of the two deformation modes between bending and rota-
tion under loading, depending on the geometric design. However, the synergistic coupling of the
two modes has not been explored, which could provide opportunities to further control stiffness
and stretchability. In this chapter we present a new kirigami design that exhibits both ultra-soft
mechanical response and large deformation. The in-plane deformation, or rotation, of the beams
around the hinge and the out-of-plane deformation, or bending, of the beams allow for a significant
decrease in stiffness by a factor of ∼ 30 and an increase in ultimate sstrain by a factor of ∼ 2. We
apply the design principles to create resistance-invariant stretchable conductors and magnetoactive
actuators with extremely rapid responses.
2.3 Background
The ability to tune the stiffness and deformation behavior of materials is critical to diverse
applications from stretchable electronics and soft robotics to tissue engineering and biomedical
devices. Someya et al. (2016); Tonazzini et al. (2016); Su et al. (2007); Morin et al. (2012); Dickey
(2014); Chan et al. (2011); Mosadegh et al. (2014) Recently, techniques building upon principles
in kirigami, the Japanese art of paper cutting, have demonstrated that the addition of cuts to
materials enables elastic softening, large deformations, and the generation of 3D structures from
2D sheets across a range of length scales. Virk et al. (2013); Castle et al. (2016); Sussman et al.
(2015); Neville et al. (2016); Castle et al. (2014); Hanakata et al. (2016); Liu et al. (2017) This
enables the utilization of inextensible or functional components to create deformable devices such
as reconfigurable electronics, optoelectronics, and sensors. Lamoureux et al. (2015); Someya et al.
(2005); Sareh and Rossiter (2013); Iwata and Iwase (2017); Firouzeh and Paik (2015); Song et al.
(2015); Lee et al. (2017); Yamamoto et al. (2016); Saha et al. (2017); Guo et al. (2016); Wang et al.
(2017); Dias et al. (2017) As kirigami features generate geometric deformations that dominate the
inherent material elasticity, properties and structures of kirigami metamaterials are controlled by
the pattern and orientation of the cuts. This has been examined by recent efforts to concentrate
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deformations on either the bending of beams defined by cuts or by the rotation of hinges that
separate these features. Isobe and Okumura (2016); Shyu et al. (2015); Rafsanjani and Bertoldi
(2017); Cho et al. (2014); Tang et al. (2016); Gatt et al. (2015); Tang et al. (2015) However,
exploring the synergistic coupling of these deformation modes has been limited and further cut
architecture modification has the potential to provide significant gains in stiffness tunability and
deformability in kirigami metamaterials.
2.4 Approach
Here we show that the addition of minor cuts to kirigami structures provides a mechanism to
control kirigami deformation modes for highly tunable mechanical response. We investigate this
approach in polymeric films by adding minor cuts near the ends of major cuts to prescribe boundary
conditions and create non-prismatic kirigami beams. This reduces stiffness by a factor of 30 and
increases ultimate tensile strain by a factor of 2 relative to single incision patterns. Experimental
results are supported by theoretical predictions in which the addition of minor cuts of various lengths
and proximity to major cuts provides an analogous response to varying boundary conditions and
beam geometry. We generalize these equations and provide design rules for kirigami films with
tunable stiffness and extension responses and find excellent agreement between predictions and
experimental measurements from nanoscopic to macroscopic kirigami materials. This approach
and corresponding design criteria provide a simple and scalable method for the control of stiffness
and deformation of materials without changing sample size, major pattern geometry, or material
composition. We demonstrate the utility of this approach in stretchable electronics with highly
stretchable conductors for deformable kirigami circuitry and in programmable matter with a rapid
magnetoactive soft actuator. Both examples show that minor cuts enable a significant enhancement
in deformability and stiffness control.
13
2.5 Experimental
Materials and mechanical measurements: Kirigami sheets are prepared by laser cutting (Epilog
Laser Fusion M2, 75 watt) PET films (Grainger, E = 2.62 ± 0.1 GPa). The elastic modulus of
pristine PET films is calculated from the initial, linear regime ( ε 1%) of a force-extension plot,
captured with a 10kN load cell on an Instron 5944. The kirigami patterns on the PET film consist
of slender beams (lM = 20, 30 mm) with rectangular cross-section (w = 2, 3, 4 mm, t = 0.13 mm).
NB (= 2) is the number of beams in each row and Nrows (= 30) is the number of rows along the
loading direction. The patterned region had lengths of Nrowsw ∼= 60, 90, 120 mm and widths of
2lM + 3d ∼= 46, 66 mm. Pristine regions at both ends of kirigami patterns are clamped during
testing. Three samples are tested under uniaxial tension for each design and geometry (Figure
2.4a) using an Instron 5944 mechanical testing machine with a 50 N load cell at a displacement
rate of 1mm/s. Mechanical parameters are analyzed and calculated using MATLAB.
Stretchable electronics demonstration: PET kirigami films are spray coated with an eutectic
indium-gallium (EGaIn) electrode and thin copper film leads are attached to the plain regions
of the kirigami sheets for electrical measurements. Kirigami films are clamped into the grips of
an Instron 5944 as in the mechanical measurements and resistance is measured with a four-point
probe method by attaching leads to the copper tape at each end of the sample. Electrical data is
collected with a Keithley 2460 (Keithley Instruments. Inc.) and is synchronized with the mechanical
measurements with a digital trigger. Furthermore, the electronics shown in Figure 4c are fabricated
by soldering LEDs onto copper film at each end of the sample.
Kirigami actuator: The kirigami actuator is composed of a single layer of patterned magneto-
elastomer composite. It is a 820µm thick film of polydimethylsiloxane (PDMS) elastomer (Sylgard
184 with a 10:1 base-to-curing agent ratio; Dow Corning) with 70% w/w 1 µm Fe microparticles
(US Research Nanomaterials Inc.). The sample is prepared by hand-mixing the PDMS and mi-
croparticles with a rod for 10 min followed by vacuum mixing in a planetary mixer (FlackTek Inc.;
DAC 400.2 VAC) for complete dispersion. The Fe-PDMS mixture is cast onto a clean glass plate
to form an even layer using a thin-film applicator (ZUA 2000; Zehntner Testing Instruments). This
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is cured at 70 ◦C for 4 h. and then patterned with a CO2 laser cutter to generate kirigami films.
The magnetic field is generated by an electromagnet (Bunting Magnetics Co.) connected to a DC
power supply providing a step function current of 4.0 A for 1 s and then off for 1 s. For high cycle
testing, the magnet is powered off periodically to prevent overheating. The slow motion of the
actuator was recorded at 240 fps with iPhone 6 and the recorded video was analyzed with a video
analysis tool (Tracker; Open Source Physics).
2.6 Results and Discussion
2.6.1 Kirigami sheets consisting of prismatic beams
Figure 2.1 (a) Photographs of kirigami sheets with (left) only major cuts (Figure 2a (de-
sign i)) and (right) hybrid structures of major and minor cuts (Figure 2a (design
v)). The same increasing weights (10 g, 20 g, and 40 g) are attached to each
kirigami sheet to demonstrate mechanical response. Major cuts are highlighted
in blue and the minor cuts are highlighted in red in the insets. (b) Load (P)
versus strain (ε) for kirigami materials with design i of w = 3mm (blue curve)
and with design v of w = 3mm and lm/2w = 0.75 (red curve). Geometric
parameters are described in Figure 2.4a. The slope indicates the effective
in-plane stiffness.
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Kirigami patterns are created in polyethylene terephthalate (PET) sheets (E ≈ 2.6 GPa) with a
CO2 laser cutter. The patterned cuts consist of an array of transverse long major cuts, which define
beams, and longitudinal short minor cuts, which prescribe beam shape and the rigidity of boundary
conditions between beams. As seen in figure 2.1a, the addition of minor cuts significantly modifies
the deformation behavior of kirigami film, resulting in a lower stiffness and higher elongation than
a kirigami film consisting only of major cuts. Specifically, when hanging weights, a kirigami system
consisting of only major cuts shows negligible strain (ε ≈ 0 %) until the force reaches 0.4 N. In
contrast, a modified system with major and minor cuts begins extending at a far lower force (≈ 0.1
N) and reaches strains over 270 % at a force of 0.4 N. The minor cuts also increase the ultimate
extensibility of the films, as seen in figure 2.1b.
We consider the kirigami sheet as an array of slender beams with rectangular cross-section
defined by the major cuts. Each beam is characterized by length lM , width w, and thickness t
with elastic modulus E. The spacing d between major cuts along the transverse direction and the
thickness of samples are constant throughout the experiment (d = 2 mm, t = 0.13 mm). The length
of minor cuts ( lm) is selected according to the dimensionless geometric parameter lm/2w = 0, 0.25,
0.5, 0.75 and five different minor cut arrangements are investigated: i) no minor cuts, ii) minor cuts
in between major cuts in alternating rows and iii) all rows, iv) minor cuts intersecting major cuts in
alternating rows and v) all rows (figure 2.4a). Figure 2.1b shows a representative force-extension
plot of a patterned sheet with and without minor cuts. Initially, the patterned sheet deforms with
each beam bending in plane through the opening of cuts and rotation of plain regimes via hinges.
As extension increases the in-plane beam bending becomes energetically more costly than out-of-
plane bending, resulting in an elastic instability and a transition to out-of-plane beam bending
(Figure 2.2). Isobe and Okumura (2016); Rafsanjani and Bertoldi (2017).
This continues until the deformation fully extends each beam, at which point the structure
becomes loaded in tension, resulting in strain hardening and ultimately failure.
To analyze the mechanical behavior of these kirigami structures we consider an array of slender
beams, where the stiffness of a single beam scales as k ∼= Ew
3t
l3M
, where E is the elastic modulus and
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Figure 2.2 a) Image sequences of a krigiami structure without minor cuts (design i) and
b) with minor cuts (design v) under uniaxial loading at the rate of 1mm/s.
Scale bar : 10 mm. Geometric parameters in the structures are equivalent to
those in Figure 1. The numbers in the top left corners of the image correspond
to, 1 : Before tensile tests, 2: In-plane deformation, and 3-6 : Out-of-plane
deformation.
lM , w, and t are length, width, and thickness of the beam, respectively. Isobe and Okumura (2016)
The effective in-plane stiffness K of the patterned sheet is calculated by considering of the number
of beams and their arrangement (NB/Nrows) such that:
K = α
NB
Nrows
Ew3t
l3M
(2.1)
where NB is the number of beams in each row, Nrows is the number of rows along the loading
direction, and α is a numerical coefficient which is dependent on boundary conditions and beam
shape. As the major cuts define the primary beam dimensions l, w, t, minor cuts are introduced
to explore the tunability of α. Figure 2.4b illustrates the stiffness dependence of a kirigami sheet
on minor cuts as a function of the dimensionless minor cut parameter lm/(2w). Here, a kirigami
sheet without minor cuts shows the highest stiffness while as minor cuts are introduced the stiffness
decreases as lm/(2w) increases. Additionally, at each value of lm/(2w), stiffness decreases as the
minor cuts intersect the major cuts and as the number of minor cuts increases. We consider that
in the absence of minor cuts the ends of each beam are restrained from rotation and the in-plane
bending occurs through the opening of major cuts and is analogous to a fixed-fixed end condition
(FFE). As minor cuts are introduced near beam ends the FFE boundary conditions relax as the
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hinge regions are softened and can no longer support bending moments resulting in a transition to
pinned-pinned end conditions (PPE). This leads to deformations through the opening of major and
minor cuts. To quantitatively describe this behavior the numerical coefficient α is calculated and
is found to range between FFE (α = 16) and PPE condition (α = 4). These quantitative values
are obtained as follows.
Figure 2.3 a) Kirigami film and b) schematic showing loading conditions. c) Fixed-fixed
end conditions and d) pinned-pinned end conditions in a loaded beam.
As mentioned above, a sheet patterned wit hlinear cuts can be regarded as an array of beams
(figure 2.3a and b). For the fixed-fixed end condition (figure 2.3c) at a small deflection, the
differential equation of the deflection curve of the beam is
EI
∂2δ
∂x2
= M(x) (2.2)
, where the bending moment is
M(x) =
P
8
(4x− lM ), (0 ≤ x <
lM
2
) (2.3)
With boundary condition:
∂δ
∂x
= 0 at x =
lM
2
(2.4)
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Where upon integration of equation (2.2) with boundary conditions in equation (2.4) we have
the deflection at the midpoint, δC :
δC =
Pl3M
192EI
(2.5)
With I = w3t/12, we obtain the stiffness (k):
k = 16
Ew3t
l3M
(2.6)
Where the numerical coefficient (α) is equal to α = 16, which is dependent on boundary con-
ditions and beam shape.
Next, for the pinned-pinned end condition (figure 2.3d) at a small deflection, the differential
equation is
EI
∂2δ
∂x2
= M(x) (2.7)
, where the bending moment is
M(x) =
P
2
(x), (0 ≤ x < lM
2
) (2.8)
With boundary condition:
∂δ
∂x
= 0 at x =
lM
2
(2.9)
Where upon integration of equation (2.7) with boundary conditions in equation (2.9) we have
the deflection at the midpoint, δC :
δC =
Pl3M
48EI
(2.10)
With I = w3t/12, we obtain the stiffness (k):
k = 4
Ew3t
l3M
(2.11)
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Where the numerical coefficient (α) is equal to α= 4, which is dependent on boundary conditions
and beam shape.
When these bounds are plotted in Figure 2.4b. it is seen that the data falls within the bounds of
these conditions for design i-iv, supporting the analogy of minor cuts to beam boundary conditions.
2.6.2 Kirigami sheets consisting of non-prismatic beams
Figure 2.4 (a) A schematic of a kirigami structure with geometric parameters and different
designs. Data point symbol represents each beam size, which is defined by
major cuts, data point interior represents different minor cut designs, and data
point color represents the ratio of minor cut length over width of beam. (b)
Effective in-plane stiffness K versus lm/(2w) for varying pattern designs, with
lM = 20 mm, w = d = 2 mm, and lm= 0 - 3 mm. Dashed/dotted/solid lines
represent Equation (2.1) with FFE (α = 16), PPE (α = 4), and non-prismatic
beam/pinned end condition (α ≈ 0.8), respectively.
We further explore beam geometry by applying a kirigami design to create non-prismatic beams
(Figure 2.4a(v)). In most cases, non-prismatic beams with varying moments of inertia along
the length are employed for enhancing mechanical strength and stiffness. Gere and Timoshenko
(1997) In contrast, we utilize this approach in the kirigami system to further reduce stiffness and
obtain an ultra-soft kirigami structure. This is achieved by introducing minor cuts onto the beam
midspan without changing major cut length. The design decreases the area moment of inertia in
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regions where the bending moment is largest, resulting in an enhanced softening effect on the PPE
condition. The derivation is as follows:
Figure 2.5 a) Schematic of non-prismatic beam with defined geometry and b) beam under
load. c) M/EI diagram and d) detailed view of sections.
For a non-prismatic beam, where the flexural rigidity EI is not constant along the length, the
stiffness is calculated using the moment-area method. Here we adopted a specific system with the
following dimensions: lM = 20mm, le = 8.85mm, dlaser = 0.3mm, d = 0.85mm, lAB,CD = 64lBC .
The area of the M/EI diagram, Ai, for the different segments of the beam are:
A1 =
1
2
(0.4425lM )(
P (0.4425lM )
2EI
) A2 =
1
2
(0.015lM )(
64P (0.4425lM )
2EI
)
A3 =
1
2
(0.015lM )(
64P (0.015lM )
2EI
) A4 = (0.0425lM )(
64P (0.4575lM )
2EI
)
A5 =
1
2
(0.0425lM )(
P (0.0425lM )
2EI
)
(2.12)
The displacement is then calculated as:
δC = A1x1 +A2x2 +A3x3 +A4x4 +A5x5 (2.13)
where x1 ∼ x5 are the distances between point A and the centroids of individual areas. These
distances are:
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x1 =
2
3
(0.4425lM ); x2 = 0.4425lM +
1
2
(0.015lM );
x3 = 0.4425lM +
2
3
(0.015lM ); x4 = 0.4575lM +
1
2
(0.0425lM );
x5 = 0.4575lM +
2
3
(0.0425lM );
(2.14)
The deflection at the midpoint, δC is then:
δC = 0.116523
Pl3M
EI
(2.15)
With I = w3t/12, we obtain the stiffness (k):
k ∼= 0.7
Ew3t
l3M
(2.16)
Where the numerical coefficient (α) is equal to α ≈ 0.7. For the case of a lM = 30 mm beam,
α ≈ 0.9. In the manuscript, both lM = 20 mm and lM = 30 mm beams are displayed on the
same plot, for clarity of presentation we choose α is ≈ 0.8 when displaying theoretical predictions.
The numerical coefficient of the non-prismatic beam (α is ≈ 0.8) is lower than the PPE condition
(α = 4), and is consistent with the trend in the data in Figure 2.4b.
Upon rearrangement of equation (2.1) the relation between effective stiffness and geometric
parameters is K/Et = α NBNrows (w/lM )
3. Figure 2.6a presents a log-log plot of our experimental
data with 52 combinations of major (two different lengths lM =20 mm, 30 mm and three different
widths w = 2 mm, 3 mm, and 4 mm) and minor cuts and shows that the data for prismatic beams
collapses into the range bounded by FFE and PPE conditions. Some deviation from this prediction
is observed as lM ≤ 5w, which was also observed by Isobe et al., Isobe and Okumura (2016) as the
beam begins to violate the slender beam assumption. The stiffness is greatly reduced by construct-
ing kirigami structures with non-prismatic beams. When design (v) with 0.75 lm/(2w) is adopted,
which shows the smallest moment of inertia in the midspan of our designs, the stiffness decreases
by a factor of ≈22-30 compared to systems consisting only of major cuts. The stiffness data for
this non-prismatic beam continues to follow the scaling prediction with α ≈ 0.8. Additionally, the
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Figure 2.6 K/Et versus w/lM with varying major and minor cut conditions,
dashed/dotted/solid lines represent the same α values as in component (b)
in figure 2.4b. (d) Ultimate strain (εULT ) versus w/lM , where lines represent
Equation 3 with various γ values as specified in the legend.
ultra-soft kirigami structure shows significantly reduced stiffness compared to a design with just
major cuts throughout the entire strain range (Figure 2.7).
These dramatic changes in stiffness through the α parameter by controlling boundary conditions
and moment of inertia along the beam greatly increases design flexibility of kirigami materials,
especially in systems with size limitations or fabrication constraints.
2.6.3 Ultimate strain for kirigami sheets
In addition to the control of initial stiffness, kirigami structures can also tune the ultimate
strain (εULT ) of materials. Figure 2.6b illustrates the ultimate strain of each system with dif-
ferent geometries and arrays of minor cuts as a function of a dimensionless major cut parameter
w/lM . As the width-length ratio w/lM decreases, the ultimate strain increases as beams become
relatively longer with regards to their cross-section (wt), resulting in larger axial displacements. In
addition, the ultimate strain is affected by the array of minor cuts. The lowest ultimate strain is
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Figure 2.7 a) Load (P) versus strain (ε)r kirigami materials with design i of w = 3mm (blue
curve) and with design v of w = 3mm and lm/2w = 0.75 (red curve). See Figure
2.1b to see a close-up view of the initial regime of both patterned structures of
the P - ε plot. The slope indicates the effective in-plane stiffness. b) Log-linear
plot of Stiffness versus strain for equivalent designs and geometric parameters.
Effective in-plane stiffness (ε = 0%) and effective out-of-plane stiffness ε > 0%
are calculated by linearly fitting experimental data points with a 5 % strain
window every 50%.
achieved utilizing only major cuts, whereas the highest is achieved for hybrid cuts with design v
and lm/(2w) = 0.75 . To predict ultimate strain where kirigami sheets break, we derive a model
based on beam geometry at ultimate strain. Here, we assume w, d  lM and expand previous
models Shyu et al. (2015) to include minor cuts and the reduction of εULT by edge effects such
that:
εULT ∼=
(Nrows − 2) (lM + γlm)
2N rowsw
− 1 (2.17)
where γ is a numerical coefficient to account for the contribution of minor cuts to εULT ; γ = 0
in the absence of minor cuts (design i), γ = 1 or 2 in the presence of minor cuts in alternating rows
(design iv) or every row (design v), respectively. The full derivation is as follows:
To predict ultimate strain where kirigami sheets break, we derive an empirical formula based on
work by Isobe et al and Shyu et al. Isobe and Okumura (2016); Shyu et al. (2015) Their approach
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Figure 2.8 Stretching of kirigami film without minor cuts to examine ultimate stretching
behavior.
assumes that all the beams deform in the same manner. However, when the number of rows Nrows
along the axial direction is finite, this can overestimate εULT due to edge effects. At the edge of the
sample there is a region of reduced displacement, R1, compared to regions of uniform displacement,
R2, away from the edges (Figure 2.9). Experimentally, we find the rduction of displacement in the
initial and final regimes to be R1/R2 ≈ 0.7, as summarized in Table 2.1. In addition, each beam
cannot perfectly align along the loading direction due to the connectivity between beams. This
results in a finite angle between the beam and the loading direction, as seen in Figure 2.9, which
upon performing image analysis on samples stretched to εULT varies between θ ≈ 0◦ ∼ 22◦ in our
system for lM ≥ 5w (see Table 2.1 for details).
Table 2.1 Edge effects and beam angle in direction of loading at εULT
w/lM 2/30 2/20 3/20 4/20
29.35/43.74 22.12/30.30 22.46/30.58 23.40/32.78
R1/R2 30.14/44.98 21.71/30.40 22.22/31.04 23.77/32.10
30.68/45.01 21.82/30.38 21.78/30.55 22.90/32.08
θ 8◦ 10◦ 18◦ 22◦
Average 0.674 0.721 0.721 0.723
When taking into account edge effects and the finite angle upon maximum extension we find
that the ultimate length of the sample, LULT , can be calculated as:
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LULT = Nrows
√
w2 +
(
lM − d
2
)2
− 2×Nrows,edg ×
(
1−
(
R1
R2
))√
w2 +
(
lM − d
2
)2
(2.18)
Or
LULT = Nrows
lM − d
2cosθ
− 2×Nrows,edg ×
(
1−
(
R1
R2
))
lM − d
2cosθ
(2.19)
Where Nrows,edg is the number of rows under the influence of edge effects. According to images
of samples throughout experiments, the first 3 and last 3 rows show significant edge effect (Nrows,edg
= 3). The numerical value 2 before Nrows,edg takes into account both end regimes along the loading
direction. When 1-(R1/R2) ≈ 0.3, Equation (2.18) and (2.19) can be simplified with the assumption
that Nrows,edg × (1-(R1/R2)) ≈ 1:
LULT = Nrows
lM − d
2cosθ
(2.20)
With L0 = Nrowsw, the ultimate strain can be defined as:
εULT =
∆L
L0
=
LULT − L0
L0
=
(Nrows − 2) lM−d2cosθ
Nrowsw
− 1 (2.21)
Figure 2.9 Stretching of kirigami film with minor cuts in a) alternating rows and b) every
row to examine ultimate stretching behavior.
In our system, we introduce minor cuts into a kirigami structure containing major cuts. This
modification leads to a change in ultimate strain due to the opening up of minor cuts by a factor of
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γlm, where γ = 0, 1, 2 for no minor cuts, minor cuts on alternating rows, and minor cuts in every
row respectively and lm is the length of the minor cut. Thus, the ultimate length of the sample,
LULT , can be calculated as:
LULT = (Nrows − 2)
(
lM − d+ γlM
2cosθ
)
(2.22)
With L0 = Nrowsw, the ultimate strain is then:
εULT =
∆L
L0
=
(Nrows − 2)
(
lM−d+γlM
2cosθ
)
Nrowsw
− 1 (2.23)
If the kirigami structure is composed of slender beams with relatively short spacing such that
lM  w, d so cosθ → 1, and the number of rows is large so that Nrows− 2 ≈ Nrows, equation (2.23)
can be simplified to:
εULT =
1M + γlm
2w
− 1 (2.24)
We have adopted this simplified equation when calculating γULT
K
.This can also be examined as
the ultimate stretch ratio, γULT = LULT /L0, and can be calculated as γULT ≈ 1M+γlm2w .
Figure 2.10 Ultimate force of kirigami materials. See Figure 2.4a for key to symbol color
and fill pattern
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Upon plotting εULT as a function of w/lM , we find excellent agreement between the experimental
data and Equation (2.17). When minor cuts are included it enables further rotation of hinge
regions by opening of minor cuts, as indicated by the increase in εULT for a fixed value of beam
aspect ratio (w/lM ). Further, we find that the force at break of low to moderate aspect ratio
beams (w/lM ≥ 0.15) is not significantly influenced by minor cuts, with a slight decrease for very
slender beams (w/lM ≤ 0.1) (Figure 2.10). This can be attributed to the thin hinge regions and
can be further improved by reducing stress concentrations through rounded corners as previously
demonstrated. Tang et al. (2015) Thus, minor cuts provide an additional means to increase and
tune the strain at break for kirigami materials.
2.6.4 General relationship for the design of kirigami structures
Figure 2.11 (a) Mechanical property εULT /K versus a combined geometric parameter for
all the data in this work, where lines represent Equation (2.25). (b) Scal-
ing plot showing agreement between Equation 3 and experimental/simulation
data from kirigami materials in the literature and from the current work,
across a wide range of length scales and material classes.
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To provide a general relationship for the design of kirigami structures consisting of arrays of
beams for high extensibility and low stiffness, we combine Equations (2.1) and (2.17) such that:
εULT
K
=
1
Eα
(
Nrows
NB
)(
lM + γ lm
2w
− 1
)
l3M
w3t
(2.25)
Equation (2.25) shows that the mechanical response of kirigami structures is controlled by the
geometry (lM , w, t) and arrangement (Nrows, NB) of beams, which are defined by major cuts,
the arrangement/length of minor cuts (α, lm, γ), and the elastic properties (E) of the film. The
ultimate strain with regards to effective stiffness εULT /K is proportional to the number of beams
along the loading axis Nrows and the length of beams (lM , lm) and is inversely proportional to
Young’s modulus of intrinsic materials E, boundary conditions (determined by the arrangement of
minor cuts) α, the number of beams per row NB, and the width and thickness of beams (w, t).
Note from the result that the fourth order of the length and width of the beam play a critical role
in designing ultra-soft and highly stretchable kirigami structures (i.e., large εULT /K).
Upon plotting εULT /K as a function of major and minor cut geometry in Figure 2.11a, we find
good agreement between the predictions and experimental data, where α provides a mechanism to
tune the ratio of εULT /K for a fixed beam geometry. As this equation is composed of geometric
and material properties we expect the predictions to function over a wide range of scales from
nanoscopic to macroscopic size scales. By rearranging Equation (2.25) to normalize for the number
of beams in the system, we plot diverse experimental and simulation data from kirigami studies
in literature along with our data in Figure 2.11b. We observe that all the data with only major
patterns collapse into a region bounded by α = 4 and α = 16 while the addition of minor cuts
is captured with α = 0.8. This analysis describes the behavior of kirigami materials from sub-
nanometer to millimeter film thickness with diverse material classes. Although nano-scale effects
may influence the scaling at nanometer dimensions, the presented results and analysis provide
evidence for the scalability of kirigami materials across tremendous length scales.
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Figure 2.12 (a) Load versus strain plot for kirigami stretchable electrodes with various
hybrid designs. The inset shows the tunable stiffness in the initial regime (lM
= 20 mm, lm = 4.5 mm, w = 3 mm). (b) Normalized resistance versus strain
plot showing that the electrical resistance for each design remains largely
constant through failure. (c) Demonstration of hybrid kirigami structures as
stretchable interconnects under axial deformation up to 380 % strain.
2.6.5 Applications : Stretchable conductors and magnetoactive actuators
As our kirigami films are mechanically compliant and highly deformable, they enable opportu-
nities to create multifunctional materials for soft and stretchable electronics and components for
soft robotics. To investigate their use as stretchable conductors we add a conductive liquid metal
electrode on top of kirigami films with a range of minor cut conditions and measure electrical re-
sistance as a function of strain. We find that the electrical resistance of all the samples remains
largely unchanged upon deformation, but the addition of minor cuts allows the stiffness and ul-
timate strains to be tuned (Figure 2.12). In the case of an ultra-soft kirigami film, the electrical
resistance increases by less than 10 % up to a strain of 380 % (Figure 2.12b). The viability of
kirigami as stretchable interconnects is demonstrated with a LED circuit (Figure 2.12c), where the
addition of minor cuts allows for strains up to ∼400 %, compared to ∼230 % with only major
cuts. The LED is illuminated up to the breaking strain, showing the potential to create kirigami
interconnects with easily tunable stiffness and deformation properties for stretchable electronic
applications.
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Figure 2.13 (a) High speed photographs of a magnetoactive hybrid kirigami structure
made of Fe-PDMS with design v (lM = 15 mm, lM = 1.3 mm, w = 0.9
mm, and t = 0.82 mm) in response to a magnetic field. (b) Strain versus time
plot of the patterned sample during the first cycle and (c) during the initial
cycling and after ∼ 1000 cycles (final cycles) maintaining a large deformation
(∼ 330%). (d) Strain rate versus time plot of the sample during the initial
cycles and final cycles, showing rapid motion in response to a magnetic field.
Furthermore, we show how our kirigami materials can be used as actuators or reconfigurable
matter by creating magnetoactive soft actuators. Samples are fabricated by embedding Fe micropar-
ticles into a matrix of polydimethylsiloxane (PDMS) and then laser machining kirigami patterns
into the cured composite. When a kirigami actuator with hybrid cut patterns (design v) is acti-
vated by an electromagnet, the sheet rapidly elongates to 330 % strain in ∼ 0.1 s with a maximum
strain rate during the cycle greater than 10,000 % s−1 (Figure 2.13a and b). By alternating the
magnetic field on/off at 1 s intervals, the hybrid kirigami actuator is activated and released over
1,000 cycles without degradation in speed or stroke (Figure 2.13c and d). This approach to adaptive
soft actuators enables an unique and exceptional combination of high-speed actuation, large defor-
mation, and stable reversibility, outperforming nearly all other soft matter actuators and morphing
technologies.Nguyen et al. (2012); Zhao et al. (2014) By further tuning hybrid cut structures and
material choice the actuators can respond and adapt to different stimuli across a range of length
scales, providing a rich design space for multifunctional materials and structures.
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2.7 Conclusion
In summary, the synergistic mechanical coupling of hybrid major and minor cuts in kirigami
materials enables highly tunable mechanical metamaterials. These hybrid structures can introduce
effective boundary conditions and non-prismatic structures which can be quantitatively captured
by the numerical coefficient α, which in the current work was varied in the range of 0.8 ≤ α ≤ 16.
However, α can be further controlled and decreased to create softer kirigami structures by increasing
the length and number of minor cuts to further increase the proportion of regions where the moment
of inertia is small. This approach can be used to increase the mechanical response of materials to
external stimuli such as mechanical force, magnetic or electrical fields, or chemical triggers. We show
how these hybrid structures can be used to create ultra-soft and highly deformable multifunctional
materials such as stretchable conductors with nearly invariable resistance to extreme strain and
actuators with rapid response and high elongation. The mechanical response of hybrid kirigami
materials is well captured by our analytical expressions and leads to compact design criteria which
can be used to efficiently create kirigami-based materials for diverse applications across a wide
range of length scales.
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3.1 Abstract
A passive resonant sensor with kirigami patterning is presented to wirelessly report material
deformation in closed systems. The sensors are fabricated from copper-coated polyimide by etching
a conductive Archimedean spiral and then laser cutting kirigami patterns. The sensor response is
defined as the resonant frequency in the transmission scattering parameter signal (S21), which is
captured via a benchtop vector network analyzer. The sensors are tested over a 0–22 cm range of
extension and show a significant shift in resonant frequency (e.g., 90 MHz shift for 10 cm stretch).
Furthermore, the effect of resonator coil pitch on the extension sensor gain (MHz cm−1) and linear
span of the sensor is studied. The repeatability of the sensor gain is confirmed by performing
hysteresis cycles. The sensors is coated with polydimethylsiloxane films to protect from electrical
shorting in aqueous environments. The coated resonators are placed in a pipe to report flow rates.
The sensor with 1 mm coating is found to have the largest gain (0.17 MHz·s mL−1) and linear span
(10–100 mL s−1). Thus, flexible resonant sensors with kirigami-inspired patterns can be tuned
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via geometric and coating considerations to wirelessly report a large range of extension lengths for
potential uses in health monitoring, motion tracking, deformation detection, and soft robotics.
3.2 Introduction
Position and deformation sensing are critical for applications ranging from virtual reality and
robotics to motion tracking and health monitoring. Patel et al. (2012); Cotin et al. (1999); Kawa-
mura et al. (2003); Christopher T. Gentile, Michael Wallace, Timothy D. Avalon, Scott Goodman,
Richard Fuller (1992) These sensors can be used to provide positional feedback for actuator sys-
tems, Gardonio and Elliott (2005); Erhart (1996) estimate the pose and configuration of mechanical
or human systems, Lorussi et al. (2004, 2005); Lin et al. (2005) and determine the deformation of
a material or structure. Glǐsić and Simon (2000); Cochrane et al. (2007); Yamada et al. (2011)
Recent emphasis on untethered systems requires light, compact, and energy-efficient deformation
sensors.Wehner et al. (2016) Additionally, implementation into wearable sensors for human mon-
itoring and soft robotics systems demand significant extents of deformation. Ryu et al. (2015);
Park et al. (2015); Nasab et al. (2017); Bartlett et al. (2017); Shepherd et al. (2011); Shan et al.
(2013); Mohan et al. (2017) Furthermore, wireless monitoring in these systems can reduce system
complexity by eliminating or reducing wiring components and can enable more compliant materials
by removing semi-rigid wiring and connection points. Jia et al. (2006); Matsuzaki and Todoroki
(2006) Thus, wireless monitoring of deformation with passive elements can provide a path forward
for deformation sensing in soft bodies for energy-efficient reporting and control. Butler et al. (2002)
3.3 Background
Wired soft sensors can provide a solution when integrated with wireless communication cir-
cuitry (Wi-Fi, Bluetooth, or cellular). Bartlett et al. (2016) These include various designs of
stretchable strain sensors, such as dipole, serpentine, spiral, and helical geometries composed of
strain-dependent resistive elements such as carbon-impregnated rubbers or compliant microfluidic
channels filled with liquid metals. Zhong et al. (2015); Muth et al. (2014); Lee et al. (2014) In each
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of these cases, the extra wiring and power consumption of the communication circuitry can limit
the utility of untethered applications. Progress is being made on integrating more flexible, wireless
sensors for feedback and control of untethered systems. A common solution is imaging, in which
motion and position of the device are monitored externally by a camera. Savage et al. (2013);
Mautz and Tilch (2011) This works well in structured environments; however, in unstructured
environments, where a camera may be blocked or unavailable, this can be a significant challenge.
Another approach is the use of resonant sensors to wirelessly report a positional change of soft
materials.
Resonant sensors are a long-standing class of passive, wireless sensors that use radio fre-
quency electromagnetic radiation to wirelessly interrogate the scattering parameters of an induc-
tor–capacitor–resistor (LCR) circuit. Bau et al. (2008) The resonant circuit responds to changes
in the local dielectric (changes circuit capacitance) which has been exploited for measuring physi-
cal parameters such as fluid level, pressures, temperature, and biocatalyst activity. Harpster et al.
(2002); Ong et al. (2001); Reuel et al. (2016); Zhai et al. (2010); Yvanoff and Venkataraman (2009);
Li and Wang (2015) Flexible LCR sensors have been used to wirelessly measure the strain of com-
pliant materials, such as inductors composed of serpentine copper traces formed as planar Huang
et al. (2014) or helical coils. Wu and Hsu (2013a) In the case of the planar coils, the force is set
coplanar to the resonator, and the response is predominantly caused by a change in the self capac-
itance Massarini and Kazimierczuk (1997) (C) of the LCR circuit. In the case of a helical coil, the
force is set normal to the spiral plane, the helical distributed length changes, causing a change in
inductance (L) which dominates the response. In both cases, the strain causes a geometric change,
which causes the resonant frequency of the LCR to shift, however, due to the design of these sen-
sors, they can only report strains of 0–0.3, or in the case of ≈ 3 cm structures, a deformation of
up to 1 cm. Stretchable antennas can also be used to measure deformation; these are primarily
based on liquid metals, but recent works have also shown strategies for metallic deformable an-
tennas. Liu et al. (2019) However, most examples require connected equipment to transmit data,
which limits deployment and deformation tracking in dynamic systems. Kubo et al. (2010); So
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et al. (2009); Cheng et al. (2009) Recently, an elastomer based-liquid metal wireless strain sensor
measured deformations up to 50% strain in the radio-frequency range. Teng et al. (2018)
Emerging techniques in origami and kirigami engineering offer opportunities to create highly
tunable materials and interfaces with complex 3D structures, high extensibility, and tunable stiff-
ness. Chan et al. (2017); Hwang and Bartlett (2018); Yan et al. (2017a); Hwang et al. (2018); Yin
et al. (2018); Rafsanjani et al. (2018); Dias et al. (2017) Kirigami is the artistic cousin of origami,
in which material is cut (rather than folded) to control structure. In terms of strain or deformation
monitoring, most kirigami approaches have used resistive or capacitive measurements, requiring
a tethered connection, Firouzeh and Paik (2015); Baldwin and Meng (2017); Sun et al. (2018)
or have used tethered antennas. Yan et al. (2017b) Wireless kirigami and origami antennas have
been demonstrated where the resonant frequency can be tuned based on the extent of folding or
deformation. Liu et al. (2014); Yao et al. (2014b); Fu et al. (2018) However, these demonstrations
stop short of exploiting such structures to report the extension length via the resonant scattering
parameters of the kirigami antenna. Moreover, these are fabricated to have resonant frequencies
suitable for telecommunication (GHz) and not lower frequencies for penetration through water and
other biologic media (kHz–MHz range). Yao et al. (2014a); Liu et al. (2015)
3.4 Approach
We present a passive resonant sensor that can be engineered into an extensional sensor with
a specific gain and dynamic range based on the pattern of kirigami cuts. The kirigami approach
allows this new class of LCR sensors to report much larger deformations normal to their surface
(> 10x sensor thickness) than previous, encapsulated helical structures. Wu and Hsu (2013b)
In this work, planar Archimedean copper traces are patterned on a flexible substrate and cut to
allow deformation normal to the planar surface, thus exploiting both changes in inductance and
self-capacitance. Moreover, we show how the resonator can be coated to protect from an aqueous
environment and the effect these coatings have on the sensor gain and dynamic range. Finally, we
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demonstrate the extensional sensor in a closed system, in this case monitoring the volumetric flow
rate of water in a closed pipe (a wireless deflection vane).
3.5 Experimental
Fabrication of Resonator for Stretching Test: A circular Archimedean spiral was selected as
the pattern for the resonant sensors as it is common, well-characterized in literature, Mohan et al.
(1999) and has a geometry applicable for the intended closed system application (pipe with round
cross-section). Archimedean spiral resonant traces having an inner diameter of 2 mm, an outer
diameter of 54 mm, and varying pitch sizes in the range of 2–5 mm were designed using Rhino 5
software (Figure 1a). The main reason for choosing the above-mentioned dimensions was to keep the
resonant frequency of the coated and embedded kirigami sensors below the microwave frequency to
achieve a larger penetration depth in water. The cut trace was patterned as a spiral shape having
the same pitch size as the resonator and the inner diameter was modified so that the cut trace
would be in the middle of the resonator trace. The resonator trace was patterned on Pyralux sheet,
which is a thin copper layer (35 µm) on polyimide (25 µm), using an X–Y Plotter and an indelible
marker (Figure 1b). The Pyralux was then etched in order to remove the unmasked copper using a
traditional etchant solution consisting of the 2-1 volumetric ratio of hydrogen peroxide (H2O2) and
hydrochloric acid (HCl). As the final step for the resonator preparation, the samples were washed
with acetone to release the mask. The cut pattern was then created on the resonator sample using
a CO2 laser cutter so that an onion ring-shaped kirigami-based resonant sensor could be fabricated.
Stretching Test Measurement: The kirigami sensor was wirelessly coupled with a reader antenna
consisting of two copper loops having a similar diameter of 54 mm and positioned facing toward each
other at a 24 cm distance. The reader antenna was connected to a VNA for monitoring the scattering
parameters matrix (S-parameters) of the sensor by capturing the phase and the magnitude of the
forward transmission (S21) response between 100–500 MHz. A measurement without sensor was
first taken to serve as a control, where the subsequent data would be subtracted by that control.
The sensor was placed at one end of the copper loop and the center of the sensor was taped to a
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wooden rod. The sensor was stretched by moving the wooden rod toward the other copper loop.
The measurement was taken for every 1 cm movement of the wooden rod until it reached the copper
loop at the other end. Then, measurement was taken for every 1 cm of the wooden rod moving
backward to its original position. This cyclic experiment was repeated for three times.
Fabrication of Coated Resonators: Spiral resonant traces with no inner diameter and an outer
diameter of 42.5 mm were used to fit inside the pipe. The traces were etched using the same
approach as described above. After etching, the sensor was placed on an acrylic plate within
a mold of set casting thicknesses (0.5, 1.0, and 2.0 mm) and then subjected to oxygen plasma
treatment at medium power and 750 mTorr for 5 min to improve bonding application (PDC-001;
Harrick Plasma). A batch of PDMS elastomer (Sylgard 184 with a 10:1 oligomer-to-curing agent
ratio; Dow Corning) was cast in the mold and cured at 80 ◦C for 4 h. The heights of the cured
films were measured in five places and found to have final heights of 0.47 (± 0.1), 0.74 (± 0.11),
and 1.63 (± 0.92) mm (95 % confidence intervals). The sealed sample was then laser machined
(Epilog Laser Fusion M2, 75 watts) in the spiral pattern
Resonator Response Measurements under a Flowing System: In this experimental setup, the
two copper wire loops were wrapped around a transparent PVC pipe having an inner diameter of
5.08 cm, an outer diameter of 6.03 cm, and a length of 30.5 cm. The distance between the copper
loops was 10 cm. With the pipe positioned vertically, the center of the sensor is fixed at the same
height as the upper copper loop. A minimal cross-shaped structure made by cellophane tape was
connected to the center of the sensor and adhered to the pipe wall. This structure helped to fix the
sensor in the middle of the pipe. Fittings were attached to both ends of the pipe and connected to
two tubes: 1) a water supply tube at top and 2) drain tube at the bottom. As the direction of water
flow in the pipe is parallel to gravity, the system was first filled with water prior to initializing a flow
rate to prevent the presence of an air gap within the system. The water flow rate was then tuned by
controlling the globe valve of water supply. The water flow rate was determined by measuring the
amount of time for the water outlet flow to fill up a 500 mL measuring cylinder. Same VNA device
as above was used to read the transmission response (10–500 MHz) for every flow rate tuned. The
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experiment was started with a small flow rate, slowly increased, then decreased, for three cycles,
where 5–7 responses were recorded in each tuning direction.
3.6 Results and Discussion
Figure 3.1 a) Design of a kirigami deformation sensor based on an Archimedean spiral at
rest and extended; the pitch (P) is the spacing between the resonant traces.
b) The fabrication process of the kirigami resonator which includes patterning
the resonator trace, etching, releasing mask, coating, and laser cutting. c) The
vertical extension test setup with a 3 mm pitch, 5 mm inner diameter, and
54 mm outer diameter resonator at rest (no extension) and d) with 10 cm
extension. e) The experimental setup for the stretching test. The red arrow in
the figure represents the direction of the sensor extension. f) The S21 magnitude
response from the sensor in (c,d) depicting the signal minimum used to specify
the resonant frequency (marked with “x”).
Resonators with fixed outer and inner diameters and varying coil pitch sizes (Figure 3.1a)
were fabricated (Figure 3.1b) from etched copper-coated polyimide (Pyralux) as reported before
with the additional steps of coating the resonator with a hydrophobic polymer and laser cutting to
release the kirigami coil (see Experimental Section). Charkhabi et al. (2018) Pitch (P) is defined as
the spacing between the inductive coil lines and the cut is made in the center of the lines (at P/2).
These resonators were interrogated by stretching vertically in a 24 cm distance between two reader
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antenna loops ( 3.1c, d, e) which were connected to a benchtop vector network analyzer (VNA). For
each sensor, the magnitude of the transmission signal (S21) was monitored over a frequency range
of 1–300 MHz. By comparing the resonator’s S21 magnitude from the rest position to an extended
state, it was observed that stretching the sensor causes a significant change in the S21 response
(Figure 3.1e). This is attributed to a change in the coil’s self-capacitance and inductance that is
observable in the read range of the interrogating antenna, as described below. The S21 response
was simplified by tracking the resonant frequency defined as the minimum of the sigmoidal S21
feature (160 and 250 MHz in Figure 3.1f), as done in other LCR works. Huang et al. (2014)
Figure 3.2 a) Kirigami resonant sensor response found from the minima of resonant fre-
quency peaks (circle points) in the transmission magnitude (S21 (dB)) response,
scanned over the 0–200 MHz frequency range; data shown here for the 2 mm
pitch sensor extended from 0–22 cm. b) Resonant frequency response to differ-
ent stretch distances for kirigami resonators with varying pitch sizes.
The kirigami resonant sensor response was observed over a wide range of stretch distances (0–22
cm at 1 cm intervals) to determine the linearity of sensor response. A linear increase in the resonant
frequency was observed as the sensor was stretched (Figure 3.2) up to a specified length; then the
resonant frequency sharply remained constant. The proposed mechanism of this response is a
change in both the circuit self-capacitance and inductance. When the kirigami LCR resonator is at
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rest, the self-capacitance is dictated by the coil to coil spacing. Massarini and Kazimierczuk (1997)
When the resonator is pulled out of plane this spacing is increased, and the capacitance decreases
much like the spacing of a parallel plate capacitor (Equation (3.1)) where C is the capacitance, ε0 is
the permittivity of free space (8.854× 10−12 Fm−1), εr is the relative permittivity of the material,
A is the capacitive area, and d is the capacitor plate displacement. Bao et al. (2016) Additionally,
when the resonator with N number of turns is pulled out of plane it resembles a helical coil, where
the inductance (L) is defined by (Equation (3.2)) in which K is the correction factor, l is the axial
distributed length, A is the cross-sectional area, and µr and µ0 represent the relative permeability
and the permeability of free space, respectively. Thus as the resonator is extended, the length
of the coil increases, and the inductance decreases. Since the resonant frequency has an inverse
relationship with the capacitance and inductance (Equation (3.3)) where L is the inductance and
C is the capacitance), Shen et al. (1977) the resonant frequency would increase by extending the
resonant sensor. We observe the sharp leveling off of the sensor response (Figure 3.2b) at the point
where all the resonator rings have been lifted off the surface near the interrogating reader antenna.
In all geometries tested, the sensor will continue to extend, but the coils begin to warp and the
sensor begins to approach a more linear wire geometry, as described below
C =
ε0εrA
d
(3.1)
L = Kµtµ0
N2A
l
(3.2)
ResonantFrequency =
1
2π
√
LC
(3.3)
This extension test was repeated for kirigami resonators with different pitches of 3, 4, and 5
mm (Figure 3.2b). In order to study the effect of the resonator’s geometry, we characterize two
parameters i) the sensor gain, defined as the linear slope of the frequency versus stretch curve, and
ii) the sensor span, defined as the maximum linear deformation the kirigami resonant sensor can
report. The gain and span were both found to vary as a function of the resonator pitch. Again,
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Table 3.1 The scattering parameter response of the resonant sensor is heavily dependent
on the geometrical properties of the resonator. For the Archimedean spiral
resonators used in this study, the length of the resonator was controlled by the
pitch size since the inner and outer diameters of the spirals were kept constant
for different designs. As the pitch size increase, the length of the resonator
decreases.
Di (mm) D0 (mm) P (mm) L (mm)
2 54 2 1144
2 54 3 763
2 54 4 573
2 54 5 459
the plateau of the resonant frequency (sensor span) is attributed to the warping and twisting of
the kirigami resonant sensor out of the plane of the readers after a certain stretch distance. At
this threshold, an increase in extension causes the sensor to twist and elongate, changing from
a parallel helical coil to an extended wire perpendicular to the reader loops. This change in
deformation pattern, from increasing the coil–coil spacing and helical coil distributed length to a
change in perpendicular wire length, would describe this phenomenon. The aforementioned change
in capacitance and inductance would no longer be dominant during the wire extension phase and
the resonant frequency would remain constant. At this point, the circuit begins to approximate
a linear antenna, where the resonant frequency is dictated by the length of conductor alone. The
sensor span decreases as the pitch size increases. This observation is attributed to the length of
the resonator; a smaller pitch corresponds to an inductor-capacitor (LC) sensor with larger length
(Table 3.1). A longer resonator length allows the coils to stay coplanar for a longer extension
length, thus increasing the span of the sensor; however, this also reduces the sensor gain.
To check the reversibility of the sensors, we performed hysteresis experiments in which each
sensor was stretched and released three times and the gains were calculated during extension and
relaxation (Figure 3.5a). The extent to which the sensor was stretched was modified based on the
pitch size to make sure that the response remains in the linear portion of the frequency response
(i.e., within the sensor span). Each sensor geometry exhibited a small standard deviation of the
gain (Figure 3.5b). Also, the gain increases linearly with the pitch size of the resonator (equation
45
Figure 3.3 a) Kirigami resonant sensor response in a three-cycle hysteresis experiment to
determine the consistency of sensor gain (dashed line fit) for different sensor
pitch sizes. b) Gains reported for different pitch sizes and the model (dotted
line) showing a linear dependence of gain on pitch size. Error bars refer to one
standard deviation for n = 6 gains.
insert in Figure 3.5b). As the pitch size increases, the length of the resonator spiral decreases and
thus a larger amount of the spiral is pulled out of the interrogation range of the bottom reader coil
when extended, thus causing a more dramatic shift in resonant frequency. The linear model fit to
the gain versus pitch data has a high coefficient of determination (R2) at 0.99, thus demonstrating
the ability to choose sensor gain based on kirigami resonator pitch size. Moreover, we cycled the
5 mm pitch resonator to 96 cycles to approximate a sensor that undergoes repetitive extensions
(Figure 3.4). In this case we found the sensor gain to remain constant, at 14.17 ± 0.20, 14.12
± 0.10, 14.24 ± 0.14 MHz cm−1, for 1–10, 51–53, and 94–96 cycles respectively (95 % confidence
intervals).
The next step to embedding these sensors in actual systems is to protect the conductive surface
from shorting, especially in water-based applications. Thus, the sensors were coated with poly-
dimethylsiloxane (PDMS) to insulate the LCR resonator from the external environment. For this
purpose, the resonator with P = 5 mm was chosen as the test candidate since it has the steepest
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Figure 3.4 96 hysteresis cycle performed on a 5 mm pitch kirigami sensor which was
stretched up to 7 cm. The scattering parameter data was captured for dis-
placements of 0, 2, 4, and 7 cm in cycles 1-10, 51-53, and 94-96.
gain (e.g., most responsive). The resonators were coated with varying thicknesses (0.5, 1, and 2
mm cast height, actual height after curing reported in methods) of PDMS by casting the elastomer
on the sensor placed within a defined mold. To determine the effect of coating thickness on the
sensor gain, three extension hysteresis cycle tests were performed on each resonator in air and the
changes in the resonant frequency were measured (Figure 3.5a). The sensor gain was calculated
based on each extension and retraction trend (six times in total for each sensor) and was compared
for different coating thicknesses (Figure 3.5b). The maximum extension was kept constant at 7
cm for each sensor.
We first observed that starting resonant frequencies were lower for all coated sensors, which we
attribute to the altered die- lectric environment. The relative permittivity for air and PDMS is 1
and 2.5 respectively at room temperature which results in a different frequency response window
(Figure 3.6). Next, we observed a seemingly discontinuous trend in sensor gain as the coating
thickness increases (Figure 3.5b). The uncoated sensor exhibits the highest gain, the minimally-
coated sensor (0.5 mm) gain is essentially halved, and then the sensor gains increase as the coating
thickness is increased. As described above the sensor response is attributed to geometric changes,
but in this case, the coil geometry is the same between all sensors; thus the coating must also have
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Figure 3.5 a) PDMS-coated, kirigami resonant sensor response to three hysteresis cycles
at 0, 0.5, 1, and 2 mm cast thicknesses of PDMS on a 5 mm pitch sensor
showing consistent gains in air (dashed line fit). b) Measured gains for the
coated sensors with error bars showing one standard deviation for n = 6 gains.
Linear model (dashed line) shows a linear relation of gain to coating thickness
for 0.5–2 mm coating thickness.
an effect on the manner in which the coil unfolds and extends. Upon closer inspection of stretching
footage, we observe that the uncoated coil has very little mass and the polyimide substrate is
sufficiently rigid to maintain a regular, helical coil structure. However, the minimal coating adds
mass to the coil and due to the large coil compliance, less of the coil length extends from the surface.
As the encapsulant coating increases, the coil rigidity increases more rapidly than the added mass
and the coil deforms in a manner more similar to the uncoated helical coil. Additionally, we observe
an increased variance in the coated resonator gains as compared to the uncoated resonators. This is
likely due to the inconsistencies caused by PDMS coating such as stochastic stick–slip phenomena
as the PDMS layers rub against each other during extension, which could be reduced in the future,
be increasing the cut width.
To determine the applicability of these sensors in a closed system, we utilize PDMS-coated
resonant sensors to wirelessly measure the flow rate of liquid in a closed pipe. The sensor was
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Figure 3.6 a) the S21 profile of uncoated 5mm pitch resonator for 1 and 3 cm extension.
b) the S21 profile for 2mm PDMS-coated 5mm pitch resonator for 1 and 3 cm
extension.
placed in a 6 cm diameter polyvinyl chloride (PVC) pipe (transparent for visual confirmation of
extension) oriented vertically (such that gravity pulls down on the sensor) and we measured the
effect of flow rate on sensor response (Figure 3.7a). The response was observed using two reader
antennas looped externally around the pipe at a displacement of 10 cm and connected to the VNA.
The center of the resonator was fixed parallel to the top reader loop while the rest of the coil was
free to extend or retract with the water flow. The pipe was initially filled with water and flow rates
in the range of 0–100 mL s−1 were added via a manual control valve.
As anticipated, increasing the water flow rate increased the resonator’s extension length which
subsequently increased the resonant frequency. A thicker PDMS coating results in a higher sensor
stiffness and decreases the extent to which the kirigami resonator stretches for a given flow rate
(Figure 3.7b). The change in resonant frequency as a function of flow rate was also recorded for
different coating thicknesses (Figure 3.7c). The range of frequency shifts is significantly lower in
water when compared to the same resonator in air. We attribute this to the dielectric effect of
water (εr ≈ 80 at 20 ◦C) which shifts the resonant frequency from 240–370 MHz to 85–100 MHz
(Figure 3.8). The res- onant frequency is dominated by this water effect and thus the effect of
49
Figure 3.7 a) Schematic of a kirigami resonant sensor reporting the flow rate of water in
a closed pipe. b) Images of the sensor stretching caused by water flow through
a clear pipe. c) Three cycle hysteresis experiment to observe changes in the
resonant frequency based on the flow rate and dependence on coating thickness.
Linear gain model shown with dashed lines.
extension is less pronounced on these submerged sensors. Also, in the pipe, the kirigami resonator
at no flow rate is not flat (as it is in the resting condition measured in air); thus, the effect of
extension due to flow rate would again be less than that observed in air. From the hysteresis plots
of the kirigami resonant sensors in a flowing pipe (Figure 3.7c), we observe that the flow sensor
gain (change in frequency response divided by the change in flow rate) was not linear with flow
rate (as was observed with uniaxial extension).
In Figure 3.9, all the data is presented together, and we clearly observe a threshold flow
rate (Q breakthrough, or QBT) before a linear response is again observed. We attribute the
breakthrough flow rate to either the friction between adjacent coils caused by the coating or a
nonlinear, force–displacement response of the kirigami. This threshold flow rate increases as the
coating thickness increases. A higher variation in the gain was observed for thicker coatings,
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Figure 3.8 S21 profile of the resonator with 5mm pitch size and 2mm PDMS coating for 1
and 3cm extensions when a) the resonator is in the air. and b) the resonator
is placed in PVC pipe filled with water.
attributed to the stick–slip phenomenon as before. Thicker coatings increase the gain, but if too
much is added, it increases the requisite breakthrough flow rate, which would not allow for reporting
lower flow rates. From this panel of sensors, the 1 mm coating is optimal since its gain is relatively
high and the QBT is low; however, for a system with low flow rates (below 10 mL s−1), the 0.5 mm
coating is suggested since it has no observed breakthrough flow rate. The breakthrough limit is not
observed in the preceding air extension experiments as those were conducted at specified extension
lengths and do not indicate the force required to reach that extension.
3.7 Conclusion
Here we demonstrate the design, fabrication, characterization, and application of kirigami res-
onant sensors for wireless reporting of extension and retraction in closed environments. The sensor
response was monitored wirelessly using a vector network analyzer, observing the changes in reso-
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Figure 3.9 The effect of water flow rate on the changes in resonant frequency for 5 mm
pitch resonators with 0.5, 1, and 2 mm cast thickness of PDMS coating af-
fixed in a 6 cm diameter pipe. The data were fit with a linear gain with an
additional parameter of a breakthrough flow rate. Reported flow sensor gains,
breakthrough flow rate, and model coefficient of determination for each coating
thickness are presented on the plot. The units for gain and QBT are MHz s
mL−1 and mL s−1, respectively
nant frequency in the transmission scattering parameter magnitude (S21). Unlike many previously
reported resonant deformation sensors, which usually work in millimeter extension ranges, the lin-
earity of this kirigami-inspired resonant sensor can be as high as 16 cm. Furthermore, it was shown
that by coating the resonator with PDMS film, the sensor can be applied in both air and aqueous
systems. This was demonstrated by wirelessly measuring the flow rate of water in a closed piping
system. The kirigami resonator gain exhibits low variability in hysteresis experiments and can be
controlled based on pitch size and coating thickness. This portends to their use as reliable and
tunable sensors. We anticipate that this type of deformation sensor can be utilized in a variety
of applications such as wearable biomonitoring and untethered robotics, where low power, wireless
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sensing combined with high extensibility can enable monitoring and control of future untethered
systems.
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Muth, J. T., Vogt, D. M., Truby, R. L., Mengüç, Y., Kolesky, D. B., Wood, R. J., and Lewis,
J. A. (2014). Embedded 3D Printing of Strain Sensors within Highly Stretchable Elastomers.
Advanced Materials, 26(36):6307–6312.
Nasab, A. M., Sabzehzar, A., Tatari, M., Majidi, C., and Shan, W. (2017). A Soft Gripper with
Rigidity Tunable Elastomer Strips as Ligaments. Soft Robotics, 4(4):411–420.
Ong, K. G., Grimes, C. A., Robbins, C. L., and Singh, R. S. (2001). Design and application of
a wireless, passive, resonant-circuit environmental monitoring sensor. Sensors and Actuators A:
Physical, 93(1):33–43.
Park, J. J., Hyun, W. J., Mun, S. C., Park, Y. T., and Park, O. O. (2015). Highly Stretchable and
Wearable Graphene Strain Sensors with Controllable Sensitivity for Human Motion Monitoring.
ACS Applied Materials & Interfaces, 7(11):6317–6324.
Patel, S., Park, H., Bonato, P., Chan, L., and Rodgers, M. (2012). A review of wearable sensors
and systems with application in rehabilitation. Journal of NeuroEngineering and Rehabilitation,
9(1):21.
Rafsanjani, A., Zhang, Y., Liu, B., Rubinstein, S. M., and Bertoldi, K. (2018). Kirigami skins make
a simple soft actuator crawl. Science Robotics, 3(15):eaar7555.
Reuel, N. F., McAuliffe, J. C., Becht, G. A., Mehdizadeh, M., Munos, J. W., Wang, R., and
Delaney, W. J. (2016). Hydrolytic Enzymes as (Bio)-Logic for Wireless and Chipless Biosensors.
ACS Sensors, 1(4):348–353.
Ryu, S., Lee, P., Chou, J. B., Xu, R., Zhao, R., Hart, A. J., and Kim, S.-G. (2015). Extremely
Elastic Wearable Carbon Nanotube Fiber Strain Sensor for Monitoring of Human Motion. ACS
nano, 9(6):5929–5936.
Savage, V., Chang, C., and Hartmann, B. (2013). Sauron. In Proc. 26th Annual ACM Symp. User
Interface Software and Technology, ACM, pages 447–456.
Shan, W., Lu, T., and Majidi, C. (2013). Soft-matter composites with electrically tunable elastic
rigidity. Smart Materials and Structures, 22(8).
Shen, L., Long, S., Allerding, M., and Walton, M. (1977). Resonant frequency of a circular disc,
printed-circuit antenna. IEEE Transactions on Antennas and Propagation, 25(4):595–596.
Shepherd, R. F., Ilievski, F., Choi, W., Morin, S. A., Stokes, A. A., Mazzeo, A. D., Chen, X., Wang,
M., and Whitesides, G. M. (2011). Multigait soft robot. Proceedings of the National Academy of
Sciences of the United States of America, 108(51):20400–20403.
56
So, J. H., Thelen, J., Qusba, A., Hayes, G. J., Lazzi, G., and Dickey, M. D. (2009). Reversibly de-
formable and mechanically tunable fluidic antennas. Advanced Functional Materials, 19(22):3632–
3637.
Sun, R., Zhang, B., Yang, L., Zhang, W., Farrow, I., Scarpa, F., and Rossiter, J. (2018). Kirigami
stretchable strain sensors with enhanced piezoelectricity induced by topological electrodes. Ap-
plied Physics Letters, 112(25):1–6.
Teng, L., Pan, K., Nemitz, M. P., Song, R., Hu, Z., and Stokes, A. A. (2018). Soft Radio-
Frequency Identification Sensors: Wireless Long-Range Strain Sensors Using Radio-Frequency
Identification. Soft Robotics, 00(00):1–13.
Wehner, M., Truby, R. L., Fitzgerald, D. J., Mosadegh, B., Whitesides, G. M., Lewis, J. A., and
Wood, R. J. (2016). An integrated design and fabrication strategy for entirely soft, autonomous
robots. Nature, 536(7617):451–455.
Wu, S. Y. and Hsu, W. (2013a). Design and characterization of LC strain sensors with novel
inductor for sensitivity enhancement. Smart Materials and Structures, 22(10).
Wu, S.-Y. and Hsu, W. (2013b). Design and characterization of LC strain sensors with novel
inductor for sensitivity enhancement. Smart Materials and Structures, 22(10):105015.
Yamada, T., Hayamizu, Y., Yamamoto, Y., Yomogida, Y., Izadi-Najafabadi, A., Futaba, D. N.,
and Hata, K. (2011). A stretchable carbon nanotube strain sensor for human-motion detection.
Nature Nanotechnology, 6(5):296–301.
Yan, Z., Pan, T., Yao, G., Liao, F., Huang, Z., Zhang, H., Gao, M., Zhang, Y., and Lin, Y. (2017a).
Highly stretchable and shape-controllable three-dimensional antenna fabricated by ”cut-Transfer-
Release” method. Scientific Reports, 7(October 2016):1–7.
Yan, Z., Pan, T., Yao, G., Liao, F., Huang, Z., Zhang, H., Gao, M., Zhang, Y., and Lin, Y.
(2017b). Highly stretchable and shape-controllable three-dimensional antenna fabricated by
“Cut-Transfer-Release” method. Scientific Reports, 7(1):42227.
Yao, S., Georgakopoulos, S. V., Cook, B., and Tentzeris, M. (2014a). A novel reconfigurable origami
accordion antenna. In 2014 IEEE MTT-S International Microwave Symposium (IMS2014), pages
1–4.
Yao, S., Liu, X., Georgakopoulos, S. V., and Tentzeris, M. M. (2014b). A novel reconfigurable
origami spring antenna. In 2014 IEEE Antennas and Propagation Society International Sympo-
sium (APSURSI), pages 374–375.
Yin, L., Kumar, R., Karajic, A., Xie, L., You, J.-m., Joshuia, D., Lopez, C. S., Miller, J., and
Wang, J. (2018). From All-Printed 2D Patterns to Free-Standing 3D Structures: Controlled
Buckling and Selective Bonding. Advanced Materials Technologies, 3(5):1800013.
57
Yvanoff, M. and Venkataraman, J. (2009). A Feasibility Study of Tissue Characterization Using
LC Sensors. IEEE Transactions on Antennas and Propagation, 57(4):885–893.
Zhai, J., How, T. V., and Hon, B. (2010). Design and modelling of a passive wireless pressure
sensor. CIRP Annals, 59(1):187–190.
Zhong, J., Zhong, Q., Hu, Q., Wu, N., Li, W., Wang, B., Hu, B., and Zhou, J. (2015). Stretchable
Self-Powered Fiber-Based Strain Sensor. Advanced Functional Materials, 25(12):1798–1803.
58
CHAPTER 4. GENERAL CONCLUSIONS
4.1 Kirigami principle as a route to multi-functional materials
This work was focused on understanding the geometric parameters which govern mechanical
responses and derivative functional responses in the form of stretchable conductors, magnetoactive
actuators, and resonant sensors. Specifically, the design concept that couples two dominant defor-
mation modes of kirigami structures allows for tremendous tunability of stiffness by a factor of ∼
30 and ultimate strain by a factor of ∼ 2 in an otherwise inextensible sheet. (Chapter 2) Further-
more, the kirigami geometric structure affects the electronic properties the under deformation. The
extent of the deformation modulates the capacitance, the inducatance, and the resonant frequency,
which is used for measuring the water flow rate in a closed pipe. (Chapter 3) These contributions
lay the fundamental foundations for further studies on a variety of material systems by applying
the kirigami principles to guide the development of stretchable electronics, soft robotics, and areas
that require spatial tuning of elasticity.
4.2 Outlooks
1. Dynamical Control of Elasticity in Kirigami Structures
• Instead of using materials with intrinsically static material properties and simply tuning
geometric parameters, choosing materials that show dynamic responses under external
stimuli (e.g., thermal, chemical, electrical, magnetic) may provide additional functional-
ities. This could facilitate smart kirigami structure which respond to their environment
or specific triggers.
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2. Robust Interface Through Stiffness Gradients
• Biomonitoring through wearable electronics is becoming central to daily human lives to
enhance our well-being. Thus, creating robust and safe devices is a key factor to take
into account. However, the difference in moduli between rigid electronic components
and soft substrates such as casing and human skin causes failure and discomfort. The
kirigami principle poses a solution to tune the moduli in materials, so that the syetem
may remain functional for a longer period of time with greater comfort.
3. Multi-directional wireless sensing with kirigami materials
• The degree of freedom (DoF) of kirigami materials can be programmed to respond to
external environments. The research on the multi-directional sensing capability using
soft, stretchable systems has been limited. Thus, expanding our current work through
a deterministic design of kirigami structures for richer mechanical responses may allow
for a precise measurement of external signals from environments where complex 3D
morphing or flows are expected.
4.3 Contributions and Final Remarks
The following specific contributions were presented throughout this work:
• Showed the synergistic mechanical coupling of two dominant deformation modes
of kirigami structures to achieve high tunability of stiffness and ultimate strain
through hybrid patterns.
• Provided analytical expressions that quantitatively capture the mechanical response
of the hybrid kirigami metamaterials, which can act as design crietria to create
kirigami-based materials with controlled mechanical properties.
• Investigated the relationship between the resonant scattering paramters of the
kirigami antenna and the extension length.
